Most eukaryotic genes contain introns that are removed from pre-mRNAs by splicing. The removal of introns occurs in two sequential transesterification reactions that are catalyzed by a large ribonucleoprotein (RNP) complex termed the spliceosome (10) . The formation of the spliceosome involves the stepwise assembly of snRNPs (U1, U2, U4/U6, and U5) and a large number of non-snRNP proteins on a pre-mRNA. The spliceosome assembly is characterized by multiple and relatively weak interactions that require conserved cis-acting elements in the pre-mRNA: the 5Ј splice site (5Ј ss), 3Ј ss, polypyrimidine tract (PPT), and the branchpoint sequence (BPS). In higher eukaryotes, these consensus signals are necessary but often insufficient to define exon-intron boundaries and efficient splicing requires auxiliary cis elements that activate or repress splicing, known as exonic splicing enhancers (ESEs) and intronic splicing enhancers or exonic splicing silencers (ESSs) and intronic splicing silencers. These signals allow the genuine splice sites to be correctly recognized among a vast excess of pseudosites that have similar sequences but outnumber authentic splice sites by an order of magnitude (10, 22, 60) . The auxiliary signals have been identified through mutations that alter splicing, through computational comparisons, and through selection of sequences that activate or repress splicing or bind to splicing regulatory proteins (16, 23, 61, 65, 68) . Exonic sequences, which often regulate both constitutive and alternative splicing through binding of serine/arginine-rich (SR) proteins (6, 27) and are important for exon definition (3), have been studied more extensively than auxiliary signals in introns. In particular, repression of pseudosites by intronic splicing silencers has been poorly understood (22, 60) .
Introns contain several classes of repetitive elements that have been shown to influence pre-mRNA splicing. Short tandem repeats (STRs), or 1-to 6-bp iterative motifs called microsatellites, were reported to affect pre-mRNA splicing of at least four human genes if located close to the 3Ј or 5Ј ss (1, 25, 28, 33, 51) . Alu repeats, the largest family of mobile elements in the human genome (2), can be exonized by a single or two point mutations if they are in the antisense orientation (44, 47, 58) and provide a source of ready-to-use segments with a coding potential (45, 46) . In yeast (Saccharomyces cerevisiae), extensive self-complementarity in intronic sequences has been shown to promote exon definition (32) , suggesting that repetitive sequences could have a more general and underappreciated role in gene expression. The LST1 gene encodes a leukocyte-specific transcript with a predominant expression in monocytes and dendritic cells (31, 52) . LST1 generates at least 14 alternatively spliced variants (designated LST1/A to LST1/N) that encode transmembrane as well as soluble molecules (53) . The predicted polypeptides vary with regard to the presence of the N-and C-terminal sequences and have been shown to differentially stimulate lymphocyte proliferation, suggesting that LST1 plays a role in the immune system (19, 53) . Overexpression of LST1 isoforms that contain the transmembrane domain induced the formation of long filopodia and microspikes at the cell surface (52) , but the exact function of the gene is not understood. LST1 is located in the major histocompatibility complex class III region centromeric of the gene for tumor necrosis factor alpha (TNF-␣) in an area predicted to encode genes that have a role in mRNA processing (42) . The LST1 gene contains well-known STRs that were termed TNFd and TNFe (63) and mapped close to the alternative 3Ј ss of intron 4 (31) .
Here, we have investigated a role of TNFd and surrounding sequences in alternative splicing of LST1. We show that an SR-induced activation of a cryptic splice acceptor located in a sense Alu repeat between TNFd and TNFe is influenced by a downstream Alu-derived segment that contains juxtaposed splicing silencers. Systematic mutagenesis of these elements in a heterologous context revealed that AG dinucleotides that RESULTS SR-mediated activation of a cryptic 3 ss in LST1 intron 4. TNFd and TNFe are highly polymorphic STRs located upstream of the alternative 3Ј ss of LST1 intron 4 (Fig. 1A) . To determine their organization, we sequenced both STRs in cell lines homozygous in the major histocompatibility complex (see Table S1 in the supplemental material). The structure of TNFd was (AG) [12] [13] [14] [15] [16] GG(AG) 9-11 on the analyzed haplotypes, whereas TNFe was a simple (AG) [7] [8] [9] repeat. To test if TNFd, which is located ϳ70 bp upstream of the proximal splice acceptor site ( Fig. 1A ; and see Fig. S1 in the supplemental material), can influence alternative 3Ј ss selection, we transfected minigene constructs that contained TNFd allele d3 [(AG) 14 GG(AG) 9 , minigene TNFd-WT], a TNFd deletion [TNFd-(AG) 0 ], and a PL sequence replacing TNFd (minigene TNFd-PL) into 293T cells. Examination of the minigene splicing pattern showed that splicing reporters lacking TNFd generated RNA products identical to those observed for the wildtype minigene (data not shown), suggesting that TNFd does not influence splicing.
To test if factors known to affect RNA processing influence selection of alternative 3Ј ss, we cotransfected the splicing reporters with a panel of plasmids expressing SR proteins. Coexpression of TNFd-(AG) 0 and TNFd-PL, but not the wildtype construct, with ASF/SF2, SRp40, SRp55, SRp75, and, to a minor extent, 9G8 and SC35 in both 293T (Fig. 1B) and HeLa (data not shown) cells activated an upstream cryptic 3Ј ss located between TNFe and TNFd. The resulting isoform was termed LST1/n (Fig. 1A, B) . The LST1/n expression increased with increasing amounts of plasmids expressing SRp40 (Fig.  1C) and ASF/SF2 (data not shown) cotransfected with TNFd-(AG) 0 or TNFd-PL constructs. In addition, we observed upregulation of isoform LST1/C described previously (53) and downregulation of a novel isoform designated LST1/O, consistent with promotion of proximal splicing by a subset of SR proteins (Fig. 1A to C), as described first for ASF/SF2 (40) .
Since most SR proteins that produced significant amounts of LST1/n had two RRMs (ASF/SF2, SRp40, SRp55, SRp75) (27) and those lacking the second RRM (SC35, 9G8) generated little LST1/n (Fig. 1B) , we tested the importance of their modular domains. We cotransfected the TNFd-(AG) 0 construct with the wild-type ASF/SF2 and ASF/SF2 lacking RRM1, RRM2, the C-terminal RS domain (13) , and a heptaglycine tract between RRM1 and RRM2 (see Materials and Methods). Deletion of either RRM1 or RRM2 eliminated LST1/n (Fig.  1D) . In contrast, deletion of the RS domain and the intervening heptaglycine only reduced the LST1/n yield, suggesting that the SR-induced activation of cryptic 3Ј ss depends on binding of SR proteins to the pre-mRNA and only partially on contacts made by the RS domain.
Identification of splicing silencers in sense Alu sequences. Interestingly, a search for sequences homologous to the region between TNFe and TNFd showed that the SR-induced cryptic 3Ј ss was located in the free left Alu monomer (FLAM) ( Fig.  2A ; see also Fig. S1 in the supplemental material). Alus are dimeric ϳ300-nt repeats that probably originated from a fusion between the left and right Alu monomers (35) . Alus in antisense orientation are amenable to exonization as they contain a strong PPT and many potential 3Ј and 5Ј ss, whereas exoniza-VOL. 25, 2005 SENSE Alu SEQUENCES THAT REPRESS AND ACTIVATE SPLICING 6913 tion of sense Alus is rare (44, 57, 58) . The presence of the cryptic 3Ј ss in the sense Alu element ( Fig. 2A) thus provided an opportunity to examine Alu-derived sequences that repress splicing.
To map cis-elements important for the LST1/n formation, we constructed a splicing reporter lacking a 38-bp segment (termed A) located between the cryptic 3Ј ss and TNFd ( Fig.  1A ; see also Fig. S1 in the supplemental material) . Interestingly, transfection of mutated constructs and sequencing of the resulting RNAs showed that this deletion activated the same cryptic 3Ј ss in the absence of transiently expressed SR proteins (Fig. 2B) . Replacement of this segment with a vector sequence of identical length had the same effect (Fig. 2B) . Further mapping of segment A, which was subdivided into three subregions termed A1 to A3 (Fig. 1A and 2A ), showed that deletion of A2 and A3 promoted cryptic splicing, whereas deletion of A1 did not (Fig. 2B ), suggesting that A3 and A2 contain splicing silencers important for the LST/n repression.
To test how the silencers affect splicing in a heterologous context, we individually inserted A1-to-A3 subregions in both the sense and antisense orientations into the central exon of a minigene carrying exons 3 through 5 of the XPC gene. Intron 3 of the wild-type XPC minigene has a weak 3Ј ss and generates an excess of exon inclusion over exon skipping, thus providing a suitable system for testing putative splicing repressors (Fig.  2C ). Insertion of A2 or A3 in the sense orientation resulted in almost full exon skipping, whereas insertion of A1 had only a minor effect. In the antisense orientation, A1 and A2 constructs produced exon inclusion levels similar to those of the wild-type XPC, whereas insertion of A3 moderately decreased exon inclusion. Similar levels of exon skipping were produced by a truncated construct (termed XPC-T), in which XPC intron 3 was shortened from ϳ2.1 kb to ϳ450 bp to facilitate mutagenesis (Fig. 2C , lower panel). In addition to XPC, the insertion of A3 in the sense orientation into a minigene carrying exons 11 through 13 of the human TH gene, which produced a mixture of exon inclusion and exon skipping in the wild type (see further below), also led to exon repression (data not shown). Together, these results suggested that A2 and A3 contained splicing silencers derived from sense Alus.
Importance of AG dinucleotides for A3-mediated exon repression. To determine which A3 residues are critical for splicing, we systematically mutated each A3 position in minigene XPC-T-A3F to the remaining nucleotides. This XPC-T construct contained a 12-nt segment A3 that was inserted in the sense orientation in the central XPC exon. Transfection of mutated constructs into 293T cells and examination of exon inclusion showed that, unlike any other A3 dinucleotides, each single substitution of A 9 G 10 dramatically reduced exon skipping ( (Fig. 3A) . In contrast, mutations at positions 3 and 6 led only to a minor decrease of exon skipping, whereas the remaining substitutions had an intermediate effect (Fig. 3A) . Of 10 non-C A3 positions, cytosine replacements in at least 6 of them showed a higher exon inclusion than the remaining nucleotides. These results indicated that AG dinucleotides were core A3 residues that promoted exon repression and that cytosines, which are underrepresented in ESSs (65), were powerful enhancers of exon inclusion in most A3 positions. Since A 4 G 5 and A 9 G 10 were separated by only three nucleotides, their repressive function might be related to interplay between the two closely linked AGs, similar to the effect of neighboring AGs on 3Ј ss selection (18, 44) . To examine whether the gap between the two AGs affects exon inclusion, we extended the A 4 G 5 -to-A 9 G 10 distance in the XPC-T-A3F minigene from 5 to 7, 9, and 11 nt as shown in Fig. 3B . Constructs extended by 2 and 4 nt resulted in minor increase of exon inclusion levels, whereas further extension eliminated the difference. Thus, extending the AG-AG distance up to 9 nt slightly weakened repressive effect on exon inclusion, although we could not exclude an inhibitory influence of short insertions per se.
Splicing activity of A3 sequences derived from Alu subfamilies. Alu repeats are composed of J, S, and Y families that are further categorized into subfamilies based on their sequence variability (2, 37) . Alignment of LST1 segment A3 and sequences representative of Alu subfamilies (Fig. 3C) showed that nucleotides 1, 6, and 12, which were not essential for exon inclusion (Fig. 3A) , were in the most variable positions. To test how natural variability of A3-like Alus affects splicing, we mutated the XPC-T-A3F minigene to create constructs that corresponded to consensus sequences of Alu subfamilies (Fig.  3C) . Interestingly, splicing reporters with variations in positions 9 and 10 showed the greatest reduction of exon skipping, whereas minigenes with mutations in positions 1, 6, and 12 showed no or only minor alterations. A3 segments of Alu subfamilies that did not contain A 9 G 10 induced only minor or moderate exon skipping (splicing reporters G, H, J, K, and L in Fig. 3C and D) . Thus, A3 derived from FLAM_A, the left arm of AluJo/Jb/S/Sx/Sq, and the right arm of AluJo remained strong inhibitors of exon inclusion, whereas segments representing the remaining Alu subfamilies were less efficient silencers.
Characterization of Alu-derived splicing silencer A2. The importance of two AGs in A3 led us to examine the contribution of four AGs in segment A2 to exon skipping (Fig. 1A and  2A) . We analyzed exon skipping in the truncated XPC construct, in which segment A2 was inserted in the central exon in the same position as A3. The splicing reporter (termed XPC-T-A2F) was mutated in each AG. Figure 4A shows that guanosine-to-cytosine transversions in the first two AGs markedly diminished exon skipping. The same mutation in the fourth AG also reduced exon skipping; however, mutation of the third AG showed little effect.
To compare the influence of A2 segments that were representative of Alu subfamilies, we prepared a series of mutated clones B to M (Fig. 4B) , transfected them into 293T cells, and examined exon inclusion. Interestingly, exon inclusion levels correlated with the number of intact AGs (r ϭ 0.66). Correlation was higher (r ϭ 0.85) if minigene J, which contains a mutation in position 15 important for splicing, was disregarded. The presence of three remaining AGs (clones K to M) generated about equal mixtures of exon inclusion and skipping, whereas the presence of only one AG was associated with low (Fig. 2A) . We deleted the last 16 nt from segment A4 in the LST1 TNFd-(AG) 0 minigene, leaving the first 3 nt in the construct to maintain the flanking sequence of A3 intact. Interestingly, transfection of this minigene into cells transiently expressing ASF/SF2 or SRp40 did not induce LST1/n (Fig. 5A ), indicating that this element was critical for SR-induced activation of the cryptic 3Ј ss. Insertion of A4 in both orientations into exon 12 of the TH minigene markedly increased exon inclusion (Fig. 5B) , and insertion of both sense and antisense A4 segments into XPC Since there was no significant difference in exon inclusion between the sense and antisense orientations of A4 in either minigene, we compared the strength of both inserts further in an XPC construct with weakened 3Ј ss. This construct was created by mutating the XPC-T minigene in the BP adenosine that was colocalized previously with a disease-causing mutation in a patient with xeroderma pigmentosum (39) . The A3G mutation in predicted BP in the wild-type XPC-T minigene increased exon skipping to over 90% (Fig. 5D) . Insertion of A4F into the XPC-T construct with the BP A3G mutation restored exon 4 inclusion to a level comparable to the wild-type XPC-T minigene, whereas A4R showed no effect, indicating that A4F is a stronger splicing enhancer than A4R. Similarly, insertion of A4F into the TH minigene carrying an A3G transition of the predicted exon 12 BP (34, 41) rescued splicing (data not shown). Together, these results suggested that A4 contains a splicing enhancer derived from a sense Alu that promotes exon inclusion in a heterologous context. Finally, to determine the extent to which sequence variability in segment A4 in Alu subfamilies influences splicing, we transfected the XPC-T minigene with the BP A3G transition that was further mutated in A4 as shown in Fig. 5C . In contrast to A4F, which rescued splicing to a level comparable to that of the wild type (Fig. 5D) , most A4 sequences derived from other Alu subfamilies did not generate significant exon inclusion, with AluSp-derived A4 exhibiting a moderate effect.
DISCUSSION
We have shown the first examples of splicing silencers and enhancers in sense Alu repeats, providing additional evidence for splicing regulatory sequences in these mobile elements, first reported for antisense Alus (22, 60) . Alus are primate specific and are present in hundreds of thousands of copies in the human genome, suggesting that splicing silencers identified in this study contribute to repression of a large number of pseudoacceptor sites and that these repeats may provide a substantial reservoir of sequences that inhibit splicing. Since the Alu-derived splicing silencers inhibited utilization of a cryptic 3Ј ss located in the same repeat, they function to eliminate Alu exonization.
Examination of chimeric splicing reporters that contained the newly identified inhibitory sequences highlighted the importance of AG dinucleotides in splice site repression. AGs are commonly found in splicing silencer elements of both mam- informative FAS ESS AGs were preceded by purine dinucleotides, whereas 38/79 (48.1%) FAS ESS AGs were preceded by pyrimidine dinucleotides (P Ͻ 10 Ϫ4 , assuming independence). The occurrence of nucleotides that precede AGs in FAS ESSs (T 67 ϾA 13 ϾG 3 ϾC 2 ) is similar to a CϾTϾAϾG hierarchy observed for the vertebrate 3Ј ss (48, 56, 67) , except for a depletion of cytosines in this position among FAS ESSs. The efficiency of CAG 3Ј ss in in vitro splicing reactions was comparable to that of UAGs (56) , raising speculation that a higher proportion of cytosines versus uracils in position Ϫ3 of authentic 3Ј ss might be linked to a silencer effect of UAG pseudoacceptors. In addition to FAS ESS, UAGs predominate also in other ESSs (4, 21, 36, 38, 54, 59, 66) , although winner decamers identified by selection experiments contained cytosines in this position (22) . Similarly, our inspection of previously identified ESSs (reviewed in reference 69) showed that AGs preceded by dipurines were extremely rare, whereas RRAGs dominated purine-rich ESEs. This is consistent with the observed lack of efficient exonization in our splicing reporter mutated in the third AG of A2, which was preceded by two purines (Fig. 4A) . In addition, A3 mutations 3T and 8T that introduced uracils in front of the critical AG dinucleotides were associated with almost full exon skipping, whereas an A3 2G mutation, which creates a dipurine in front of the same AG, increased exon inclusion (Fig. 3A) .
The importance of AGs in repression of 3Ј ss selection is also supported by rare cases of disease-causing splicing mutations that create new AGs between BPS and authentic 3Ј AG. Although they usually create de novo acceptor sites, as first described for HBB (11) , at least several well-documented reports (7, 8, 24, 29) showed that these AGs suppressed authentic acceptor sites, while activating a cryptic 3Ј ss further upstream of the BPS (I. Vořechovský et al., in preparation).
Together, the above observations suggest that AGs represent important motifs in the RNA splicing code that governs 3Ј ss selection. As for the splice-like sequences proposed to negatively regulate authentic 5Ј ss (15, 21, 22, 55, 60, 65) , inhibitory pseudoacceptors identified in this study may act in a similar manner, most likely by recruiting components of the spliceosome to inappropriate places where they compete for interactions with genuine 3Ј ss. These signals are likely to be (Fig. 3B) , were not inconsistent with the notion that complexes assembled at the authentic 3Ј ss and A3 AGs share common spliceosomal components and similar AG-AG measuring mechanisms. Segment A3 (Fig. 2B and 3B ) contains an AGGG motif that was previously shown to interact with several trans-acting factors, including hnRNP A1 (9) and the H family of hnRNPs (5, 14) . Interestingly, our inspection of FAS ESS sequences showed that guanosine was the most frequent nucleotide in a position that immediately followed FAS ESS AGs, whereas cytosines and adenines were underrepresented (G 44 ϾT 33 ϾA 2 ϾC 1 ). In addition, all AGs in FAS ESS decamers that were obtained twice in independent transfections were followed by guanine. GG dinucleotides were also overrepresented in two positions that followed FAS ESS AGs (14 among 74 AGs, versus the ϳ5 expected; P Ͻ 0.001). However, the AGGG motif alone did not appear to explain all the observed effects, since the A-to-G mutation in position 6 of A1 ( Fig. 2A) , which creates an AGGG signature, increased exon skipping only from ϳ12 to ϳ30% (data not shown). Our systematic mutagenesis showed (Fig. 3A) that AG dinucleotides in this motif were critical, whereas the second and third guanines in the G triplet were less important for exon repression. Thus, future studies should determine if these trans-acting factors differentially interact with RNAs transcribed from our mutated constructs.
The apparent lack of LST1/n in the wild-type construct (Fig.  1B) could be due to a silencing effect of TNFd on cryptic 3Ј ss activation or impaired amplification and/or reverse transcription of repeat-containing transcripts. To address the latter hypothesis, we examined the amplification yield of plasmids with and without TNFd. The yield of PCR products was slightly lower for TNFd-containing plasmids than for those lacking the repeat (43) . However, separate transcription of the two plasmids in vitro and repeated treatment with DNase I followed by RT-PCR of mixed cDNAs showed a substantial decrease of signal intensity from TNFd-containing transcript, indicating that the detection bias toward templates lacking TNFd was introduced mainly by the RT step (43; data not shown). The insertion of TNFd into a PY7 construct, which is spliced efficiently in vitro (20) , did not reduce in vitro splicing as compared to the wild-type PY7 in 30-to 90-min reactions (43; data not shown). However, this construct has a very strong PPT (20) , which is a central splicing recognition element of human introns, and a putative weak silencing effect of TNFd may not be revealed. Thus, rigorous evidence for a direct TNFd role in splicing inhibition will require further studies. TNFd is not a perfect AG repeat since it has two AGGG tetramers both in the middle and at the 3Ј end (see Fig. S1 in the supplemental material) that may recruit trans-acting factors that directly contact A3 in the pre-mRNA or may prevent accessibility of the cryptic 3Ј ss through secondary structure.
Finally, antisense Alus are amenable to exonization as they contain a strong PPT and many potential 3Ј and 5Ј ss, whereas exonization of sense Alus is less common due to a lack of strong PPT and a lower number of both 3Ј and 5Ј ss (44, 57, 58) . Since antisense Alus contain sequences that inhibit (22, 60) and enhance (H. Lei, I. Day, and I. Vořechovský, submitted for publication) Alu inclusion in mature transcripts, Alu-derived silencers identified in this study may contribute to a low exonization potential of sense Alus. It will be interesting to test this hypothesis in future studies by modifying splicing consensus signals of naturally occurring sense Alus in human introns.
